ABSTRACT: Sequential layer-by-layer (LbL) deposition of polyelectrolytes followed by chemical cross-linking was investigated as a method to fabricate functional amphiphilic surfaces for marine biofouling prevention applications. A novel polyanion, grafted with amphiphilic perfluoroalkyl polyethylene glycol (fPEG) side chains, was synthesized and subsequently used to introduce amphiphilic character to the LbL film. The structure of the polyanion was confirmed by FTIR and NMR. Amphiphilicity of the film assembly was demonstrated by both water and hexadecane static contact angles. XPS studies of the cross-linked and annealed amphiphilic LbL films revealed the increased concentration of fPEG content at the film interface. In antifouling assays, the amphiphilic LbL films effectively prevented the adhesion of the marine bacterium Pseudomonas (NCIMB 2021).
INTRODUCTION
Marine biofouling is the accumulation and growth of microand macro-organisms on submerged surfaces in the sea.
1−3 The development of marine biofouling is a dynamic process. The species of organisms in a fouling community and the sequence of attachment or colonization of the foulants are determined by a variety of factors like the substratum, geographical location, the season, and factors such as competition and predation. 1 Biofouling is a serious problem affecting structures critical to the maritime industry such as ship surfaces, harbor installations, oil rigs, underwater sensors, seawater filtration membranes, and pipelines. 4 Various strategies have been proposed to combat marine fouling, and these may be broadly classified into the main trends of biocidal and non or low-adhesive coatings.
Due to environmental issues associated with the use of biocides, low-adhesion coatings have become more popular as the environmentally benign solution. The approaches to prepare low-adhesion surfaces are mainly based on tuning the surface properties 5 such as, topography (or morphology), 6, 7 roughness, 8 surface free energy (or wettability) 9,10 and surface charge. 11, 12 It is currently established that hydrophilic surfaces can act as a good antifouling barrier. The hydration layer formed in the vicinity of the hydrophilic coatings should resist nonspecific foulant adsorption. 13, 14 For example, a block copolymer comprising polystyrene sulfonate and highly hydrated poly-(ethylene glycol)-graf t-poly(methyl ether acrylate) was synthesized and deposited with polyallylamine hydrochloride to form thin films using the LbL deposition approach providing much better resistance to protein (BSA) and human cancer cell binding. 15 However, once the foulants penetrated the hydration layer, they would firmly attach to the hydrophilic surfaces. 16 Hydrophobic, fouling release coatings provide another approach to prevent adhesion of marine organisms. Two families of materials, fluoropolymers and silicones with very low surface free energies, are commonly used to prepare fouling release paints. 17, 18 For example, polydimethylsiloxane (PDMS) is widely used in commercial formulations, such as Silastic T-2 from Dow Corning or Intersleek from Akzo Nobel. 19, 20 Fluoropolymers have also been shown to be efficient in preventing settlement and removal of fouling organisms such as green alga Ulva. 21, 22 The low surface free energy of these materials reduces the ability of fouling organisms to adhere to the surface, and shear stress at the surface dislodges any weakly bonded foulers when the vessel is moving. 1, 3 However, these hydrophobic fouling release coatings do not prevent foulants from attachment. 1 Purely hydrophilic or purely hydrophobic surfaces can provide antifouling effects; however, they also have their own disadvantages. The amphiphilic surfaces possessing both hydrophilic and highly hydrophobic domains may overcome these disadvantages by introducing both fouling resistance and release effects. Amphiphilic coatings may also provide dynamic responsive surface with the ability to undergo reconstruction. Diblock 23, 24 and triblock 25−28 copolymers with amphiphilic side chains were synthesized by grafting fluorinated molecules with hydrophobic (perfluoroalkyl) and hydrophilic (PEG) blocks to different precursors. The synthesized amphiphilic copolymers were spin coated on the substrates, and in this form have been shown to exhibit better antifouling performances (resistance and enhanced release property) against Navicula diatoms and Ulva spores than the PDMS based hydrophobic fouling release coatings. 23, 27 Hydrophobic perfluoropolyethers cross-linked with a series of hydrophilic PEGs, have been used to prepare a range of amphiphilic networks and applied as marine fouling release coatings 29−31 The commercial amphiphilic surfactant Zonyl FSN-100 (containing ethoxylated fluoroalkyl side chains) can be grafted to polyurethane, and the modified polyurethane can then be deposited onto glass to provide a material with promising fouling resistance and fouling release potential against green alga Ulva. 32 Cross-linked hyperbranched fluoropolymers and PEG amphiphilic networks have been shown to achieve good antifouling against marine organisms.
33−35 As many amphiphilic materials have a natural tendency for micelle formation, they often do not display sufficient stability upon deposition on substrates to serve as an effective coating. In such cases, electrostatic LbL assembly could be a convenient, effective and fast method to prepare stable thin polymeric films on various substrates. LbL is carried out by alternating deposition of oppositely charged polyelectrolytes onto the surface. 36 Various functionalized polyelectrolytes, or particles, can be easily immobilized onto the substrate surface by this method. 37, 38 However, the fabrication of amphiphilic fluorinated LbL films for marine fouling prevention has not been reported so far.
Thin polymer films obtained by the LbL technique have been used to prevent protein adsorption and bacteria fouling. 15, 39, 40 However, only a few research papers have reported on the use of LbL assemblies for marine antifouling applications. Our previously reported cross-linked LbL thin film showed high stability and reduced marine fouling. 41 Covalent LbL surfaces prepared by modified PEG and "click" amendable polymers have been demonstrated to have antifouling properties against algae and barnacles. 42 Applying a covalent LbL approach requires, however, specialized sophisticated macromolecules and may not result in a net zero charged film. Electrostatic LbL multilayers consisting of oppositely charged poly(acrylic acid) and PEI after modification with PEG and tridecafluoroctyltriethoxysilane have been used to reduce the attachment of spores of green alga Ulva. 43 However, in this case, antifouling was associated with the film roughness achieved in the deposition process, rather than with molecular properties of the LbL film itself. Liu et al. used electrostatically assembled LbL films to produce antifouling coatings, wherein the LbL multilayers served as a scaffold to support superhydrophobic antibacterial system. 44 In this contribution we investigate LbL fabrication as a way to create amphiphilic surfaces for marine antifouling applications. Our approach is motivated by the possibility to develop a thin film coating with controlled thickness, which could potentially be used in combination with micro topographical patterns. 6, 7 Ideally such an amphiphilic coating should display reconstitution of the film surface upon exposure to hydrophobic or hydrophilic environments, but also attain sufficient stability in corrosive seawater. The antifouling activity of the amphiphilic LbL films was evaluated in laboratory tests against two common marine fouling organisms including a marine bacterium (Pseudomonas, NCIMB 2021) and a benthic diatom (Amphora coffeaeformis). These organisms have been previously used in lab assays to evaluate the antifouling properties of various materials. 42 . Polymer P2 Synthesis. One gram of PIAMA and DMAP (0.026 g) was suspended in 10 mL of DMSO at 65°C and stirred with 500 rpm magnetic stirrer until the polymer was completely dissolved. Subsequently, 50 μL of methanol was added to the solution to start the reaction. After 5 h, 0.6 g of fPEG was added into the solution. The reaction lasted for another 12 h before pouring into 100 mL of NaOH aqueous solution (10 g/L). When the solution became clear, it was transferred into the dialysis membrane tubing (1 m) and dialyzed against ultrapure water for 3 days. Water used during the process was changed every 12 h. The purified aqueous polymer solution was then concentrated by rotary evaporator and finally freeze-dried to yield the solid polyanion P2 1.22 g (yield 76%).
NMR Calculated Mn. 96.5 kDa. 
Assembly of the LbL Films.
Silicon wafers were cut into 2 cm ×2 cm slides using a DISCO dicing machine (DAD 321). After ultrasonic cleaning with water and ethanol for 10 min, the slides were dried over a nitrogen gas stream and treated by oxygen plasma (200 W) for 2 min. The treated silicon wafers were immersed into the 3-aminopropyltrimethoxysilane toluene solution (10 mM) for 5 h to impart positively charged amine groups on the substrate surface.
The pretreated silicon wafer slides were immersed into the aqueous polyanion solution (1 mg/mL) prepared from P1 or P2 for 10 min and rinsed with ultrapure water for 2 min. Subsequently, slides were immersed into PEI aqueous solution (1 mg/mL) for 10 min, followed by another 2 min ultrapure water rinse. The cycle was repeated until the desired bilayer number was reached. The silicon wafers with the deposited LbL films were dried by nitrogen stream and later under vacuum at room temperature for 5 h. The cross-linking process was conducted by heating the silicon wafers with the dried LbL films to 60°C for 5 h under vacuum. The film prepared from P1 and PEI with 6 bilayers after cross-linking was denoted as F1. The films prepared form P2 and PEI with 5.5 bilayers before and after cross-linking were denoted as F2 and F3, respectively. The prepared LbL films were stored in desiccator for further use.
2.4. Characterization of the LbL Films. The deposited LbL films were analyzed by FTIR and X-ray photoelectron spectroscopy (XPS). The FTIR measurements were collected with a Perkin-Elmer FTIR spectrometer with the Attenuated Total Reflection (ATR) technique using a ZeSe crystal. The XPS spectra of the deposited LbL films were obtained with a VG ESCALAB 250i-XL spectrometer using an Al Kα X-ray source (1486.6 eV photons). The XPS data processing, including peak assignment and peak fitting (fitting algorithm: Simplex), was done by Thermo Avantage v4.12 (Thermo Fisher Scientific). Surface morphology and thickness of the deposited LbL films were measured by a JPK, NanoWizard 3 NanoOptics atomic force microscope (AFM) system in a AC mode (tapping mode). In AFM measurements, Tap300AI-G cantilevers made by Budget Sensors were used. AFM images were taken on dried films over scan size of 2 μm × 2 μm for morphology observations and roughness measurements. The film thickness was measured by scratching the multilayer assembly with a fresh razor blade to expose the bare substrate (silicon) and then scanning the sample over 10 μm × 10 μm to reveal a clear step obtained by the scratch. 47 The height difference between the thin film surface and the bare substrate was considered as the thickness of the thin film. Five sections crossing the step of a single scratch were used to measure the height differences. The mean value of the height differences was calculated as the film thickness. The AFM raw data were processed by software (JPK Data Processing, 4.3.25).
The surface wetting properties of the deposited LbL films were evaluated by contact angle measurements with different liquids including water and oil (hexadecane). A goniometer (250-F1) from Rame-Hart Instrument Co. was used to measure the contact angles using the static sessile drop method. The silicon wafers with the LbL films were mounted on a flat holder. A 5 μL droplet of water or hexadecane (oil) was dropped onto the dry sample surface through the microsyringe of the device. The liquid droplet image was captured and analyzed by the instrument to obtain the contact angle value of the tested surface. For each sample, 10 measurements of water or oil contact angle at different locations on the LbL film surface were made, and the average value of the measurements was used as the representative water or oil contact angle of the tested LbL film.
The dynamic contact angles were measured by the add−remove volume method using goniometer (250-F1) equipped with an automatic liquid dispenser. After dropping a 5 μL droplet of liquid onto the dry sample surfaces, the advancing (θ A ) and receding contact (θ R ) angles were measured by increasing and decreasing the volume of the liquid drop through the needle of the automatic dispenser while the needle was kept within the liquid drops.
2.5. Biofouling Tests. 2.5.1. Bacteria Adhesion Assay. Marine bacterial Pseudomonas strain NCIMB 2021 obtained from the National Collection of Marine Bacteria (Sussex, UK), cultured in Marine Broth 2216 solution (37.4 g/L) (Difco) was used for the antibacterial tests. 48 Silicon wafers with the LbL films were immersed in a suspension of stationary phase Pseudomonas (NCIMB 2021) for a time up to 6 days. During the test period, the silicon wafers were transferred to a newly prepared stationary phase bacteria suspension in every 48 h to maintain the viable bacteria concentration. Following 6 days of immersion, the silicon wafers were removed from the suspension and fixed in 3 vol % glutaraldehyde phosphate buffered saline (PBS) solutions for 5 h at 4°C. After fixing, these silicon wafers were rinsed with PBS to remove remaining glutaraldehyde and then dried at 60°C in the oven for 24 h. The dried samples were coated with gold and imaged with a scanning electron microscope (SEM, JEOL JSM-5600LV).
The surface coverage of bacteria was estimated by image analysis of the SEM micrographs with the ImageJ program (available as a public domain Java image processing program provided by the National Institute of Health, USA). The total area covered by the bacteria clusters was calculated, and then divided by the total area of the image to give the information on percentage coverage of bacteria on the silicon wafer surface. The bacteria coverage for each sample was calculated based on 10 images of different locations on this sample. Three samples were measured for each type of surfaces to get the average bacteria coverage. Plasma cleaned silicon wafers were also measured as a reference surface for adhesion testing.
2.5.2. Amphora Adhesion Assay. Benthic microalgae, Amphora coffeaeformis, is one of the most commonly encountered raphid diatoms found in the biofilms of submerged surfaces, and as such, is often used in antifouling tests. 49 Amphora coffeaeformis (UTEX reference number B2080) was maintained in F/2 medium 50 
The silicon wafer controls, silicon wafers with LbL films, were placed randomly in six-well Nunc culture plates, one coupon per well, with eight replicates for each treatment, then soaked in 5 mL of 30 ‰ 0.22 μm filtered seawater (FSW) for 12 h prior to use. Next, a load of 50.000 Amphora cells (around 350 μL) was added to each well, and all the eight well plates were placed in an environmental chamber with a 12 h light:12 h dark regime at 24°C and allowed to incubate for at least 24 h under static water condition without any flow. At the end of this period, unattached cells were gently rinsed off with 30 ‰ FSW three times. Slides were subsequently examined under an epifluorescence microscope. Ten random fields of view were scored at 20 times magnifications (0.916 mm 2 per field of view) for each slide. ANOVA tests followed by post hoc Tukey's multiple comparison test (α = 0.05) were used to evaluate the antifouling activity of the amphiphilic LbL films on the numbers of Amphora adhered cells per mm 2 as well as to assess whether there were significant variations in these numbers in the presence of surface modification. ANOVA and Tukey's multiple comparison tests were performed by using R (Development Core Team, 2010) software package.
RESULTS AND DISCUSSION
3.1. Synthesis of the Amphiphilic and Cross-Linkable Polymer. It has been reported that amphiphilic surfaces may provide enhanced marine antifouling effects including fouling resistance and fouling release. 2 For the fabrication of LbL films with amphiphilic character, a novel polyanion was synthesized through partial alcoholysis of a polyanhydride (PIAMA) with perfluoroalkyl polyethylene glycol (fPEG), (Scheme 1). fPEG was grafted to the PIAMA backbone using hydroxyl group and formation of ester bond with the anhydride group.
Since stability of the LbL films is an important concern, easily cross-linkable methyl esters were introduced via alcoholysis of PIAMA with methanol to promote film cross-linking. 41 Subsequently, the rest of the anhydride groups of PIAMA were hydrolyzed by NaOH as shown in Scheme 1. This process yielded the polymer P2. It features amphiphilic side groups, methyl ester groups for cross-linking, and carboxylic groups that provide an anionic character. Charged anionic groups are essential for electrostatic interactions during the LbL assembly. In parallel, PIAMA was directly grafted with methyl esters and hydrolyzed by NaOH to produce the polyanion P1, used in this work as a reference.
The polymer structure was verified by both 1 H NMR and FTIR. The presence of a peak at 4.57 ppm in the P2, but not in the P1 1 H NMR spectrum, belonging to C(O)OCH 2 protons, 52 indicates the formation of the ethyl ester bonds between PIAMA and fPEG. In addition, the peak at 4.90 ppm, in the P2 but not in the P1 1 H NMR spectrum, could be assigned to CF 2 CH 2 protons further confirming the successful grafting of the fPEG.
From the peak area ratio between the P2 ethyl ester protons of fPEG at 4.57 ppm, and the methyl group protons from the main chain at around 1 ppm, the percentage of fPEG grafted moiety can be estimated to 4% of the polymer's repeating units. This translates to 5.2% mass of the fluorine.
Based on the peak area ratio between the methyl ester protons and the methyl group protons of the main chain, it can be estimated that about 8% of the polymer's repeating units were bearing methyl esters. The indices x, y1 and y2 describing the composition of P2 can be estimated to 30, 15 and 345, respectively (Scheme 1).
Additional verification for P1 and P2 was provided by FTIR spectra. The double stretching signal ν C−F (1244 cm −1 and 1212 cm −1 ) belonging to CF 2 and CF 3 in the P2 IR spectrum is not visible in the P1, indicating the existence of fluoroalkyl (highly hydrophobic portion) in P2. 52 At the same time, double stretching signal ν C−O−C (1118 cm −1 and 1147 cm −1 ) belonging to CH 2 −O-CH 2 in the P2's FTIR spectrum is not visible in the P1's, indicating the existence of poly ethylene glycol (PEG, hydrophilic portion) in P2. 52 The ester stretching ν CO peak at 1733 cm −1 and the carboxylic acid stretching peak ν CO at around 1571 cm −1 are clearly observable for both P1 and P2 polymers (see Supporting Information, Figure S3 ).
3.2. Fabrication and Amphiphilicity of the LbL Films. The newly synthesized polymers P1 and P2 were deposited on the silicon substrates using the LbL approach.
The F2 LbL film was prepared by alternating deposition of the amphiphilic polymer P2 and PEI. The thickness of the F2 LbL film with 5.5 bilayers was 77 ± 5 nm. After cross-linking of F2, the newly formed film, with the same average thickness of 76 ± 6 nm, was denoted as F3. At the same time the P1 polymer was used with PEI to prepare LbL films (F1) for comparison. The thickness of the cross-linked F1 film with 6 bilayers was 64 ± 3 nm. Amphiphilic block copolymers can form micellar structures in selected solvents. 53, 54 According to the dynamic laser scattering (DLS) experiments, both P1 and P2 formed micellar aggregates in solution (see Supporting Information, Figure S4 ). This behavior affected the film formation and resulted in relatively high film thickness for both F1 and F2.
The assembly of LbL films is primarily driven by the combination of electrostatic interactions and increase of the entropy during the release of counterions upon assembly. 55 Since seawater is a rather corrosive environment, those forces are considered not sufficient to provide long-term film stability. Hence, covalent cross-linking of polymeric layers was used to improve the stability of the LbL films. In this study, the aminolysis reaction between amine groups of PEI and methyl ester groups of P1 or P2 was implemented using protocols described previously. 41 The reaction was verified by the FTIR spectra of the LbL film before and after cross-linking. After the treatment a new peak ν CO at 1653 cm −1 , belonging to the amide bond stretching frequency, shows up indicating reaction progress. At the same time, the ester stretching signal ν CO at 1724 cm −1 (see Supporting Information, Figure S5 ) 52 decreased upon annealing, indicating the consumption of methyl ester groups in P2. One product of nucleophilic substitution of P2's methyl ester by the amine groups of PEI is methanol, which can be easily removed under vacuum. By contrast, fPEG, which is the product of nucleophilic substitution of P2's fluorinated chain by amine groups of PEI, cannot be so easily removed from the LbL system in the mild conditions used due to its high vapor pressure. This allows for the selective reaction of methyl ester and preserves fluorinated side chains within the film upon cross-linking. A comparison of FTIR spectrum of ν C−F signals in films before and after cross-linking shows only a small loss of intensity, indicating preserving the majority of the fPEG side groups (see Supporting Information, Figure S5 ). 3.3. Surface Rearrangement of the Amphiphilic Copolymer during Cross-Linking and Annealing. Surface rearrangement phenomena are well documented for copolymers containing fluorinated blocks. 24, 33 This thermodynamically driven process may reorganize the surface chemical composition, topography or morphology of polymeric films. 33 Interestingly, during the segregation process, the amphiphilic brushes may concentrate onto the film surface. 24 In this study, AFM was used to investigate the morphologies of the LbL films. As shown in Figure 1 , the F1 LbL film exhibited a very low surface roughness (Ra = 0.37 nm). In addition, the phase image of F1 indicated a homogeneous polymeric surface. The F2 film also showed a flat surface (Ra = 1.57 nm). After cross-linking and simultaneous annealing, the F3 film showed a higher roughness (Ra = 4.36 nm). As the AFM image height images show, there is substantial roughening of the multilayers during the annealing and cross-linking process. This roughening takes place at length scales on the order of 20 nm as shown by the height image captured in Figure 1e . Thus the process substantially alters the original LbL morphology (Figure 1) .
The fabricated LbL films were characterized by static contact angles of water and hexadecane, measured with the static sessile drop method, and by dynamic water contact angles, measured with the add-remove volume method.
As shown in Table 1 , the bare silicon wafer cleaned by oxygen plasma showed the lowest water contact angle at around 15°. However, the silicon wafer surface coated with F1 had the highest water contact angle at around 71°with low hysteresis of 14°. The F2 film prepared from P2 and PEI showed water contact angle value 61°and the water contact angle hysteresis 19°. After cross-linking, the water contact angle of F3 film decreased to a value around 47°. In addition, the water contact angle hysteresis of F3 increased to 21°.
The static water contact angle results indicated that the hydrophilicity of the F2 LbL film was improved due to the hydrophilic PEG moiety of P2. On the other hand, the dynamic water contact angle results indicate a surface reconstruction of the amphiphilic LbL films. The water contact angle hysteresis of F2 was larger than that of only hydrophobic F1. The larger contact angle hysteresis suggests more obvious and faster surface reorganization with changing surface environment. 56 After cross-linking, the affinity of the F3 film to water was further improved after more obvious surface reconstruction, showing the lowest water receding contact angle and the largest water contact angle hysteresis.
Both the bare silicon wafer and the F1 LbL film had very low oil contact angles close to 0°. By contrast, the F2 LbL film showed an oil contact angle value of 30°. The oil contact angle of F3 was further increased to 41°.
It seems that the existence of P2 endured the F2 and F3 LbL films with hydrophilicity and high hydrophobicity (oleophobicity) at the same time. A similar effect of simultaneous reduction of water contact angle and increase of oil contact angle was also reported for fluorinated amphiphilic brushes. 57, 58 On the other hand, the cross-linking process might improve the amphiphilicity of the F3 film showing lower water contact angle and higher oil contact angle than the F2 film. Environmentally dependent surface reconstruction by flipping of the amphiphilic side chains could be responsible for amphiphilic surface character. It has been reported that when a surface contacts water, the highly hydrophobic fluoroalkyl chains will bend and the hydrophilic PEG chains are exposed to water to minimize the energy, and display low water contact angle. When the surface is contacting oil or hydrophobic substances (foulants), the highly hydrophobic fluoroalkyl chains will stretch out to minimize the enthalpy, displaying oleophobicity or high hydrophobicity. 23, 32 The surface chemical compositions of the F1, F2, and F3 films were also studied with XPS. The fluorine signal is absent in the F1's spectrum. However, a clearly visible fluorine peak can be seen from the XPS spectrum of F2. After integration and conversion of the atom percentage to mass percentage, it was found that 1.9% of the mass on the F2 LbL film top surface is fluorine. The mass percentage of fluorine in the F3 film top surface layer increased substantially upon cross-linking reaching 7.9%. At the same time, the portion of oxygen on F3 was also higher than on F2. Fluorine and oxygen are the main elements of the fPEG chains, indicating the presence of fPEG moieties on the F3 film surface. It correlates well with the contact angle measurements and suggests that amphiphilic side chains from P2 were substantially surface segregated and concentrated on the F3 film surface.
3.4. Antifouling Activity of the Surface with the Amphiphilic LbL Film. Antifouling activity of the F3 LbL film was evaluated against two marine foulants. Pseudomonas (NCIMB 2021) is a marine bacterium isolated from marine biofilms. The bacterium is present in most environments, and identified as one of the most common bacteria promoting biofouling, due to its extracellular polysaccharide (EPS) secretions. 59 Pseudomonas species have often been used to examine the biofouling formation process. 46, 60 In this study, silicon wafers with and without the amphiphilic LbL film (F3) were immersed in the bacteria suspension for 6 days and subsequently evaluated for microorganism presence using SEM.
As shown in Figure 3 , the bacteria coverage on the bare silicon wafer control was around 38%. However, almost no bacteria can be observed on the surface coated with the amphiphilic LbL film (F3). Figure 4 shows two examples of the control surface and the surface covered with F3 after incubation in Pseudomonas (NCIMB 2021) for six days. It appears that the F3 LbL film was able to prevent biofilm formation by Pseudomonas (NCIMB 2021) compared to the bare silicon wafer.
Additional tests were carried out with Amphora coffeaeformis. After incubation in the Amphora suspension, the surfaces were investigated with fluorescence microscopy, and the number of attached Amphora cells was scored. As shown in Figure 3 , about 79 cells/mm 2 were observed on the control surface (bare silicon wafer) compared to 68 cells/mm 2 observed on the F3. Although the difference was not statistically significant, there was lower settlement on the amphiphilic surface than on the control bare silicon surface.
During the film annealing and cross-linking, amphiphilic side chains of P2, bearing hydrophilic (PEG) and hydrophobic (fluoroalkyl) blocks, are concentrated near the surface. These two moieties have different contributions in the fouling prevention process. Due to a relatively high surface energy (>43 mJ/m 2 ) of PEG, PEG containing surfaces have a low interfacial energy with water and form thick hydration layers. 2 As a result, a steric repulsion of the adhesive molecule caused by the hydrated PEG will provide nonspecific resistance to foulants. 21 On the other hand, the CF 3 -terminated fluoroalkyl groups have a low surface energy (12−17 mJ/m 2 ) and thus, the interactions with the foulants are weak and cleavable. 2 Based on previous reports, we can conclude that the antifouling properties of the amphiphilic surface can be derived from a dual mode of action of film components. The PEG moiety of the F3 LbL film forms a hydration layer on the film surface to reduce the ability of the marine foulants to contact or attach to the surface. It is likely that, where hydrophobic foulants are able to reach the film, the fluoroalkyl groups would be stretched out, resulting in only a weak interaction between the film and the approaching matter, thus promoting easy detachment of the organism from the surface.
CONCLUSIONS
A novel, robust method to fabricate amphiphilic antifouling surfaces using the LbL assembly approach and the novel polyanion P2 possessing amphiphilic perfluoroalkyl and polyethylene glycol (fPEG) segments is proposed. With this method, it is possible to make PEG/fluorinated thin films in a fairly simple way, and with a high degree of control over the film thickness. Surface rearrangement of the polymeric film surface was studied with AFM and XPS. The AFM image of F3 indicated a rough surface formed through thermodynamically induced process of mutual incompatibility. In addition, the XPS spectrum of F3 showed concentrated fluorinated side groups on the surface. Observed contact angles for different liquids suggest the presence of a dynamic amphiphilic surface with ability for environmentally dependent surface reconstruction. The amphiphilic film showed reduced adhesion of a marine sourced bacterium (Pseudomonas, NCIMB 2021) and some reduction in microalgal slime formation. The proposed method may serve as an efficient approach to prepare stable and versatile marine antifouling coatings with controlled thickness, and further studies may be conducted to enhance the material's antifouling performance against microalgae. More antifouling assays such as cyprids settlement and raft assay may be applied to further evaluate the efficacy of the amphiphilic LbL films.
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